Tripartite motif-containing 21 (TRIM21) is a cytosolic IgG receptor that mediates intracellular virus neutralization by antibody. TRIM21 targets virions for destruction in the proteasome, but it is unclear how a substrate as large as a viral capsid is degraded. Here, we identify the ATPase p97/valosin-containing protein (VCP), an enzyme with segregase and unfoldase activity, as a key player in this process. Depletion or catalytic inhibition of VCP prevents capsid degradation and reduces neutralization. VCP is required concurrently with the proteasome, as addition of inhibitor after proteasomal degradation has no effect. Moreover, our results suggest that it is the challenging nature of virus as a substrate that necessitates involvement of VCP, since intracellularly expressed IgG Fc is degraded in a VCP-independent manner. These results implicate VCP as an important host factor in antiviral immunity.
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A ntibody neutralization is a key component of the antiviral response and provides protective immunity. Our recent work has shown that neutralization can occur inside cells, in an effector-driven process mediated by tripartite motif-containing 21 (TRIM21). TRIM21, a cytosolic antibody receptor of ultrahigh affinity to IgG Fc (1, 2) , is recruited to antibody-bound virus and targets the complex to the proteasome for degradation (3) . This process potently neutralizes viral infection and has been termed antibody-dependent intracellular neutralization (ADIN) (4) . ADIN is dependent upon the E3 ubiquitin ligase activity of TRIM21 and can be abrogated by chemical inhibition of the proteasome.
Although both proteasomal activity and ubiquitination are necessary for ADIN, the exact mechanism of virus degradation is poorly understood. Specifically, it is not clear how the proteasome can degrade a virion, a compact proteinaceous particle much larger than the proteasome itself. The 26S proteasome has a mass of ∼2.5 MDa (5), and the pore through which substrates must pass to access the proteolytic chamber is no greater than 2 nm in diameter (6, 7) . In contrast, human adenovirus (AdV), a virus potently neutralized by TRIM21, has a diameter of ∼100 nm and a mass of 150 MDa (8) . Although there are ATPases in the 19S regulatory subunit of the 26S proteasome that may unfold substrates and allow them to enter through the pore (5, 6) , AdV virions are much larger than any of the proteasome's known cellular substrates. Because ADIN has been shown to be independent of autophagy but dependent on proteasomal degradation (3), we hypothesized that an additional energydependent step of AdV capsid disassembly and/or unfolding might precede proteasomal degradation of the virus.
In recent studies, the ATPase p97/VCP of the AAA (ATPases associated with diverse cellular activities) family has been implicated in the proteasomal degradation of certain cytosolic substrates (9) (10) (11) (12) (13) . VCP is capable of dissociating proteins from large cellular structures such as the endoplasmic reticulum (14) , the mitotic spindle (12), the nuclear envelope (15) , and chromatin (16) . VCP forms a homohexameric barrel-shaped ring of about 16 nm in diameter (17), a structure not dissimilar to the proteasome but without any associated protease activity. The N domain of VCP binds directly to multiubiquitin chains (18) and, although substrate ubiquitination does not seem to be a prerequisite for VCP interaction (19), a general role for VCP in unfolding ubiquitin-fusion degradation (UFD) substrates before proteasomal degradation has been suggested (20) . Most recently, it has been shown that VCP is recruited to stalled proteasomes and relieves their (experimentally induced) impairment (21) . It has been suggested that ATP hydrolysisdriven extraction of proteins from larger complexes or membranes, as well as unfolding of proteins by VCP upon recruitment to conjugated (poly)ubiquitin may be the common mechanism underlying the diverse cellular roles of VCP (13, 16, 22) .
The energy-dependent, ubiquitin-selective segregase and unfoldase activity of VCP prompted us to investigate whether it has a role in ADIN. The results presented here demonstrate that VCP is an essential cofactor for ADIN and that the ATPase activity of VCP is required when ADIN mediates proteasomal degradation of a challenging substrate such as an adenovirus particle.
Results
Presence of VCP Is Essential for Intracellular Neutralization. To determine whether VCP is involved in antibody-dependent intracellular neutralization of AdV, HeLa cells depleted of VCP, TRIM21, or both were infected with replication-deficient AdV type 5 encoding GFP (AdV-GFP) preincubated with or without a neutralizing polyclonal antibody (pAb). In cells transfected with control siRNA, pAb potently neutralized infection by 33-fold ( Fig. 1 A and B) . In cells depleted of VCP, neutralization was substantially reduced, to ∼sixfold ( Fig. 1 A and B) . Cells depleted of TRIM21 by shRNA also displayed significantly reduced neutralization; however, depletion of TRIM21 in VCP knockdown cells did not relieve neutralization further than knockdown of VCP alone. Depletion of TRIM21 or VCP does not completely abolish antibody neutralization, which we attribute to the presence of antibodies in the polyclonal serum that can neutralize by ADIN-independent mechanisms such as entry blocking. Importantly, however, depletion of VCP reverses all TRIM21-mediated neutralization, suggesting that TRIM21 and VCP operate in the same pathway. Treating TRIM21 shRNA cells with the immunostimulatory cytokine IFN-α 24 h before infection completely restored both TRIM21 levels (Fig. 1C) and neutralization [as seen previously (3, 23) ], but this treatment had no effect on neutralization in cells that were also depleted of VCP ( Fig. 1 A and B) . This suggests that the presence of VCP is required for TRIM21-mediated neutralization of AdV by antibody.
Further evidence for a crucial role of VCP in ADIN was obtained by studying rescue of neutralization from VCP knockdown through overexpression of a coding sequence resistant to the siRNA. To this end, HeLa cells were first transfected with control siRNA or an siRNA targeting a sequence in the human VCP transcript that contains two substitutions with respect to mouse, and then transfected with empty vector or a plasmid encoding Myc-DDK-tagged mouse VCP (100% amino acid sequence conservation with respect to human). These cells were infected with AdV-GFP in the presence or absence of a neutralizing monoclonal antibody (mAb), 9C12, which has previously been shown to neutralize almost exclusively through ADIN (23) . The mAb 9C12 potently neutralized infection in cells transfected with control siRNA and empty vector (Fig. 1D ), whereas cells transfected with VCP siRNA were depleted of VCP ( Fig. 1E ) and displayed greatly diminished neutralization by mAb 9C12 (Fig. 1D) . Transfection with the mouse VCP construct resulted both in robust overexpression of tagged VCP (Fig. 1E ) and in rescue of the neutralization phenotype in cells depleted of endogenous VCP (Fig. 1D ).
VCP ATPase Activity Is Required for ADIN. Next, the importance of VCP activity in ADIN was tested using specific chemical inhibitors. Fig. 2A) . Neutralization was almost completely abrogated above 9 μM DBeQ, and higher concentrations of inhibitor had no further effect (Fig. 2B ). This dose-response curve closely correlates with that previously published for in vitro inhibition of VCP ATPase activity (24) . Importantly, in the absence of antibody, DBeQ had no effect on AdV infection ( Fig. 2A) . Further validation of these results was obtained by treating cells with Eeyarestatin (Eer)I, an irreversible inhibitor of VCP (25, 26) . Similar to treatment with DBeQ or knockdown of VCP, treatment with 10 μM EerI before infection potently inhibited neutralization of AdV by mAb 9C12 (Fig. 2C) . Taken together, these data demonstrate that the ATPase activity of VCP is crucial for intracellular neutralization of AdV by antibody. To test whether VCP functions independently of or on pathway with the proteasome, we compared DBeQ and the irreversible proteasome inhibitor epoxomicin. Neutralization of AdV by mAb 9C12 was abrogated by treatment with 12 μM DBeQ or 2 μM epoxomicin (Fig. 2D ). Combined treatment with both inhibitors had a similar effect to epoxomicin alone and was only marginally stronger compared with DBeQ alone. The absence of significant additive effects indicates that VCP and the proteasome operate on the same pathway of neutralization.
VCP Is Required for Proteasomal Degradation of Viral Capsid and
Antibody in ADIN. VCP is involved in the proteasomal degradation of a specific set of cellular substrates (13, 18, 20, 27) . To investigate whether VCP is required for viral capsid degradation during ADIN, we performed a fate-of-capsid assay. Previously, we have used this assay to show that intracellular neutralization of AdV is accompanied by rapid degradation of hexon, the major adenovirus capsid component, and associated antibody. Degradation is inhibited by depletion of TRIM21 and significantly slowed by chemical inhibition of the proteasome (3). To determine the role of VCP in viral capsid degradation, HeLa cells treated with DMSO, 10 μM DBeQ, or 10 μM EerI were infected with AdV preincubated with mAb 9C12 and harvested at several time points between 1 and 6 h post infection (p.i.). As observed previously (3), both hexon and antibody were efficiently degraded within 2 h p.i. in DMSO-treated control cells (Fig. 3A, Top) to the extent where both were virtually undetectable after 2.5 h p.i. Both VCP inhibitors (DBeQ and EerI) potently inhibited degradation, with no detectable degradation of either hexon or antibody in DBeQ-treated cells during the entire 6-h period of the experiment (Fig. 3A , Middle and Bottom). These data suggest that VCP has a crucial role in proteasomal degradation of viral capsid. (20) or when it becomes stalled by challenging amounts of substrate (21) . We, therefore, investigated whether VCP is constitutively required for TRIM21-mediated degradation or whether its role is substrate-dependent. To test whether VCP is required for degradation of analogous but less challenging substrates than viral capsid, we established a model system based on overexpression of IgG Fc in HeLa cells. Given that TRIM21 binds to IgG with an affinity of ∼0.6 nM and mediates ubiquitination of antibody-bound objects in the cytosol to target them for degradation irrespective of their identity (3), it was expected that IgG Fc overexpressed in the cytosol would be degraded by the proteasome in a TRIM21-dependent fashion. Furthermore, IgG Fc could be considered the simplest substrate whose degradation would be mediated by TRIM21. Consistent with rapid degradation and turnover, relatively low levels of Fc were detected in Fc-overexpressing control cells. Importantly, levels of Fc were significantly increased when cells were depleted of TRIM21 by shRNA, treated with 2 μM epoxomicin, or both (Fig. 3B) . However, addition of 10 μM DBeQ, which completely inhibited degradation of virus and antibody in the fate-of-capsid experiment, failed to prevent degradation of IgG Fc (Fig. 3C ). This result suggests that the requirement for VCP is substratedependent and supports a hypothesis in which VCP is recruited to the proteasome upon processing of the viral capsid. The results of the fate-of-capsid experiments shown here and in our previous study (3) suggest that ADIN prevents infection by catalyzing (premature) degradation of antibody-bound viral capsid. To test this hypothesis, we investigated whether degradation and neutralization proceed with similar kinetics. A time-of-addition assay was performed in which HeLa cells were synchronously infected with AdV-GFP by cold attachment, in the presence or absence of mAb 9C12, and treated with either DMSO or 9 μM DBeQ at a range of time points post infection. Addition of DBeQ concurrent with infection inhibited ADIN as potently as observed previously for pretreatment at the same concentration (Figs. 3D  and 2B) . However, the effect of DBeQ quickly diminished when the inhibitor was added at later time points post infection (Fig. 3D) . The majority of neutralization occurred within the first 2.5 h p.i., as evidenced by the reduced effect of DBeQ when added after this time point. Thus, the majority of neutralization coincides with degradation of the majority of viral capsid observed in the fate-ofcapsid assay (Fig. 3A) . These findings support our model wherein proteasomal degradation, enabled by VCP, is the key effector mechanism of neutralization in ADIN.
Both Efficiency and Potency of ADIN Depend on VCP. Finally, we investigated the consequences of VCP perturbation on the efficiency of antibody neutralization and the level of persistent infection. AdV-GFP was preincubated with varying concentrations of mAb 9C12 before infection of HeLa cells that were subjected to RNA interference or to treatment with DBeQ. Both depletion of VCP by siRNA and depletion of TRIM21 by shRNA significantly reduced the initial gradient of neutralization as a function of antibody concentration (Fig. 4A) , as did treatment with increasing concentrations of DBeQ (Fig. 4B) . At high concentrations of mAb 9C12, where neutralization is maximal and further addition of antibody does not result in further neutralization (a phenomenon referred to as the persistent fraction of non-neutralized virus), depletion of VCP or TRIM21 led to a significant increase in the level of infection (Fig. 4A) . Depleting TRIM21 knockdown cells of VCP did not greatly increase infection levels further, in agreement with these factors being on pathway. Furthermore, the level of persistent infection increased in a dose-dependent manner with increasing DBeQ concentration (Fig. 4B) . These results show that without functioning VCP, a high proportion of cells become infected even at saturating levels of neutralizing antibody 9C12. It is, therefore, noteworthy that VCP is a very abundant protein (28, 29) , suggesting that even though it is not IFN-inducible, it is unlikely to become rate-limiting even at high multiplicities of infection.
Discussion
Our data show that TRIM21-mediated intracellular neutralization of AdV by antibody depends on the presence and activity of AAA ATPase VCP. This discovery elucidates a crucial aspect of ADIN, namely the disassembly and degradation of a large and compact viral capsid. The activity of VCP is shown here to be required for proteasomal degradation of AdV and antibody. This degradation is a key step in neutralization and occurs within the first few hours of infection. In consequence, reducing cellular levels of VCP by RNA interference or inhibiting its ATPase activity with specific chemical inhibitors severely diminishes neutralization of AdV by antibody. Several mechanistic hypotheses have been proposed to explain the role of VCP in proteasomal degradation of cellular substrates. It has been suggested that VCP may be required for initial unfolding of tightly folded substrates that lack an intrinsically unstructured region as initiation site for the proteasome (20) . The AdV capsid may qualify as such a substrate (8, 30) . Alternatively, the direct but highly transient interaction between VCP and the proteasome (31) may be specifically stabilized when the proteasome faces a particularly challenging substrate or when it is otherwise impaired. The latter hypothesis was suggested in a recent study analyzing the association of VCP with proteasomes in various stress conditions that induce the unfolded protein response (21) .
We propose that in ADIN, VCP is specifically recruited during proteasomal degradation of a large virion. Our finding that proteasomal degradation of free IgG Fc does not depend on VCP supports this substrate-specific rather than constitutive role for VCP. During degradation of virus, VCP may mediate ATP hydrolysis-driven disassembly and/or partial unfolding of the AdV capsid, enabling the 19S regulatory particle to pass capsid components (and the associated antibody) into the 20S core particle for degradation (Fig. 4C, route a) . However, our results do not rule out the alternative possibility that VCP is recruited to the ubiquitin-positive ADIN complex of AdV, antibody, and TRIM21 before engagement of the proteasome to mediate processing upstream of degradation (Fig. 4C, route b) . Future studies such as high-resolution time-resolved microscopy may help to clarify the mechanism in detail.
A direct role for VCP in the physical destruction of virus is supported by our fate-of-capsid experiments, in which VCP inhibition by DBeQ completely abrogates degradation of virus and antibody. Furthermore, we have made use of DBeQ to demonstrate that it is the degradation of virus that drives neutralization. In time-of-addition experiments, we find that the kinetics of neutralization correlate closely with the kinetics of degradation. When viral degradation is blocked by VCP inhibition within the first few hours post infection, productive infection proceeds. A number of recent studies have shown that VCP is also required for autophagy (32, 33) , with the exact mechanism still subject of debate (34) . Although depleting or inhibiting VCP is, thus, bound to impact this process, we consider impairment of autophagy unlikely to underlie the requirement for VCP in ADIN, since specific inhibition of the proteasome abrogates intracellular neutralization entirely [ Fig. 2D and previous work (3) ], whereas inhibiting autophagy using 3-methyladenine has no effect (3). Of note, however, there is increasing evidence for crosstalk and coordination between the ubiquitin-proteasome system and autophagy, and VCP has been proposed to play a role at their interface (34, 35) . We, therefore, cannot rule out that our perturbations of VCP and the proteasome elicit a complex cellular phenotype.
In summary, we have identified the AAA ATPase VCP as an essential enzyme in ADIN. Our results support recent studies linking VCP to proteasomal degradation and, at the same time, suggest that VCP may play an important role in immunity, in addition to its documented roles in cell biology. Finally, it is tempting to speculate that while ADIN makes use of the segregase, unfoldase, and degradation-associated functions of VCP to neutralize virus, some viruses may have evolved to exploit the same activities for productive uncoating and infection.
Materials and Methods
Cell Culture and Production of Viruses. All cell lines were maintained as described previously (3) . For depletion of TRIM21, HeLa cells were stably transduced with shRNA-encoding retroviral vector pSIREN-T21. To deplete VCP, HeLa cells were transfected with siRNA oligonucleotides VCPHSS111263, VCPHSS111264, and VCPHSS187663 (Invitrogen) or J-008727-12 (Dharmacon; used in Fig. 1 D and E) against human VCP or with Silencer Negative Control siRNA #1 (Ambion). For overexpression of mouse VCP, HeLa cells were transiently transfected with a plasmid encoding the Myc-DDK-tagged protein (MR210760, OriGene) or with empty vector. Replication-deficient, E1-deleted GFP-expressing human adenovirus 5 (36) was prepared by CsCl centrifugation.
Antibodies and Other Reagents. Anti-AdV hexon mouse monoclonal antibody 9C12 (37, 38) was purified from hybridoma supernatant on a protein-G column (GE Healthcare). Other antibodies used included goat polyclonal anti-AdV hexon (AB1056; Millipore), mouse monoclonal anti-VCP/p97 ATPase (MA1-21412; Thermo Scientific), mouse monoclonal D-12 anti-TRIM21 (sc-25351; Santa Cruz Biotechnology), rabbit polyclonal anti-β-actin (4967; Cell Signaling), donkey anti-mouse IgG (AP192; Millipore), HRP-conjugated mouse monoclonal 9E10 anti-c-Myc (ab62928; Abcam), HRP-conjugated donkey anti-goat IgG (sc-2056; Santa Cruz Biotechnology), and HRP-conjugated goat anti-mouse and anti-rabbit IgG (A0168 and A9169; Sigma Aldrich). HRP-conjugated protein A was obtained from BD Biosciences. DBeQ was purchased from BioVision, EerI from Tocris Bioscience, and epoxomicin from Calbiochem. All chemical inhibitors were dissolved in DMSO.
Virus Neutralization Assays. Virus neutralization assays were performed essentially as described previously (3). Transfections with siRNA were performed 72 h before infection, and transfections with plasmids were performed 30 h before infection. When used, DMSO, the proteasome inhibitor epoxomicin (2 μM), or the irreversible VCP inhibitor EerI (10 μM) was added to cells for 1-5 h before medium exchange and infection. In experiments with the reversible VCP inhibitor, DBeQ was added to cells 90 min before infection (unless indicated otherwise, in the time-of-addition assay) and was kept on cells until harvesting. Virus:antibody mixtures were added to cells at a multiplicity of infection of 0.2-0.4. After 24 h of incubation at 37°C cells were harvested, fixed in 4% (wt/vol) paraformaldehyde/PBS and analyzed on a BD LSRII Flow Cytometer (BD Biosciences). Data analysis was carried out in FlowJo (Tree Star).
Fate-of-Capsid Assay. HeLa cells (2 × 10 5 per well) were seeded in six-well plates and allowed to adhere overnight. DMSO, 10 μM DBeQ, or 10 μM EerI was added to respective wells 2 h before infection; EerI was then removed, whereas DMSO and DBeQ remained on cells until harvesting. AdV-GFP (4 × 10 7 IU/well) was mixed with an equal volume of 110 μg/mL mAb 9C12 in a total volume of 50 μL per well, incubated at room temperature for 30 min, and then added onto cells. Infections were incubated at 37°C for 30 min before medium was exchanged. Cells were harvested at indicated time points after addition of virus (referred to AdV is in dark blue, antibody is in yellow, TRIM21 is in cyan, proteasome is in orange/brown/yellow (19S regulatory particles omitted for simplicity), and VCP is in red. AdV, proteasome, and VCP are represented to scale.
as infection) and boiled in 50 μL per well of NuPAGE LDS Sample Buffer (Invitrogen) supplemented with reducing agent. AdV hexon was detected with polyclonal goat anti-hexon and HRP-conjugated anti-goat IgG. Antibody was detected with anti-mouse IgG and HRP-protein A.
Fc Degradation Assays. Briefly, HeLa cells or HeLa cells depleted of TRIM21 by shRNA were transiently transfected with pCMV6-AN-Fc plasmid (PS100055; OriGene) for cytosolic overexpression of murine IgG Fc; treated with DMSO, 2 μM epoxomicin, or 10 μM DBeQ 24 h later; and harvested for Western Blot analysis after an additional 24 h.
